Abstract. In the present study, we investigated the relationship between the temperature-humidity index (THI) and the conception rate of lactating dairy cows in southwestern Japan, one of the hottest areas of the country. We also investigated the relationship between measurement of the vaginal temperature of lactating dairy cows as their core body temperature at one-hour intervals for 25 consecutive days in hot (August-September, n=6) and cool (JanuaryFebruary, n=5) periods and their THI. Furthermore, we discussed the above relationship using these vaginal temperatures, the conception rates and the THI. As a result, when the conception rates from day 2 to 0 before AI were classified into day 2, 1 and 0 groups by the six maximum THI values in each group (mTHI; <61,(61)(62)(63)(64)(65)(66)(67)(68)(69)(70)(71)(72)(73)(74)(75)(76)(77)(78)(79)(80) >80), only the conception rate for the mTHI over 80 at 1 day before AI group was significantly lower (P<0.05) than the other groups. The conception rate for days 15 to 17, but not days 19 to 22 and 30 to 35, after AI in the cows that experienced average mTHI over 80 (amTHI>80) was significantly lower (P<0.05) than that of the cows that did not experience amTHI>80. There was a significant positive correlation (P<0.01) between the mTHI and the mean daily vaginal temperature, but not during the cool period. When the mTHI reached 69, the vaginal temperature started to increase. As for the relationship between the conception rates and vaginal temperatures for all mTHI classes, in the mTHI>80 at 1 day before AI group, the vaginal temperature increased by 0.6 C from 38.7 C, resulting in a reduction of 11.6% in the conception rate from 40.5%. In conclusion, these results suggest that one of the causes of the fall in conception rate of lactating dairy cows during the summer season in southwestern Japan may be an increase in their core body temperature with a higher mTHI than the critical mTHI of 69 at 1 day before AI. Key words: Conception rate, Lactating dairy cow, Temperature-humidity index (THI), Vaginal temperature (J. Reprod. Dev. 57: [450][451][452][453][454][455][456] 2011) eat stress is any combination of environmental parameters producing conditions that are higher than the temperature range of an animal's thermal neutral zone [1] . Heat stress can have major effects on most aspects of reproductive function in mammals. These include disruptions in spermatogenesis and oocyte development, oocyte maturation, early embryonic development, fetal and placental growth and lactation [2] . For lactating dairy cows, heat stress during the summer season suppresses the conception rate compared with other seasons [3] . This has been observed clearly in higher milk-producing dairy cows [3] [4] [5] [6] . As the average production per cow has drastically increased [7, 8] (doubled over the last two decades), the metabolic heat output per animal has increased substantially, rendering animals more susceptible to heat stress [9] [10] [11] [12] . Consequently, the trend in the decline in the reproductive performance of dairy cows in Japan is similar to that in other countries [8] . In addition, global warming may also accelerate this poor regulation [13, 14] . The tolerance of dairy cows to high temperatures is diminished during lactation due to increased internal metabolic heat production associated with high feed intake and milk synthesis [15] .
(J. Reprod. Dev. 57: [450] [451] [452] [453] [454] [455] [456] 2011) eat stress is any combination of environmental parameters producing conditions that are higher than the temperature range of an animal's thermal neutral zone [1] . Heat stress can have major effects on most aspects of reproductive function in mammals. These include disruptions in spermatogenesis and oocyte development, oocyte maturation, early embryonic development, fetal and placental growth and lactation [2] . For lactating dairy cows, heat stress during the summer season suppresses the conception rate compared with other seasons [3] . This has been observed clearly in higher milk-producing dairy cows [3] [4] [5] [6] . As the average production per cow has drastically increased [7, 8] (doubled over the last two decades), the metabolic heat output per animal has increased substantially, rendering animals more susceptible to heat stress [9] [10] [11] [12] . Consequently, the trend in the decline in the reproductive performance of dairy cows in Japan is similar to that in other countries [8] . In addition, global warming may also accelerate this poor regulation [13, 14] . The tolerance of dairy cows to high temperatures is diminished during lactation due to increased internal metabolic heat production associated with high feed intake and milk synthesis [15] .
Morton et al. [16] indicated that heat stress more than a maximum temperature-humidity index (THI) of 72 around service decreased the conception rate of lactating dairy cows in Australia. Compared with this, the average maximum THI in our area is over 77 during the summer season, and no reports could be found concerning the conception rate of lactating dairy cows under higher temperature and humidity.
A variety of indices are used to estimate the degree of heat stress affecting cattle and other animals. Ambient temperature and humidity are determined in large part by location and by characteristics of animal housing [3] . In addition, as with air temperature, THI is an important factor to monitor on farms [17] . THI uses a dry bulb temperature and a wet bulb temperature [18] . For milk production, humidity is the limiting factor of heat stress in humid climates, whereas the dry bulb temperature is the limiting factor of heat stress in dry climates [19] . It has been reported that THI, based on the maximum air temperature and minimum humidity, most effectively accounts for the effect of heat stress on production [20, 21] .
Many factors such as energy balance, heat stress, parity, milk production, diet and disease influence the conception rate in cows [15] . Under heat stress, the timing of AI influences the conception rate of lactating dairy cows; however, this effect differed in some reports [15, 16] . This suggests that further investigation regarding the relationship between the conception rate and THI in AI treatment is needed.
In the present study, we investigated the relationship between the conception rates of lactating dairy cows and THI in southwestern Japan and continuously measured the vaginal temperature as the core body temperature for 25 days at one-hour intervals in the hot (August to September) and cool (January-February) periods, respectively. In addition, the relationship among the THI, vaginal temperature and conception rates of the lactating dairy cows were also discussed.
Materials and Methods

Conception rates of the cows inseminated and THI calculation
The conception rates of 11,302 lactating Holstein-Friesian dairy cows in 170 herds on the first service AI in southwestern Japan were collected over three years (January 2006-December 2008). The conception rate was determined by calving [22] . The conception rate was calculated according to the following formula:
Conception rate (%) = number of calvings / number of cows used for first service AI × 100.
The cows were kept in tie stalls (135 herds), free stalls or free barns (34 herds) and pastures (1 herd). The mean number of lactations of all cows investigated was 3.3 ± 1.5 (mean ± SD). To calculate THI, the daily temperature and relative humidity for the same period as the conception rates mentioned above were obtained from the Japan Meteorological Agency (Miyazaki Local Meteorological Observatory). The maximum THI (mTHI) was calculated according to the following formula reported by García-Ispierto et al. [17] and averaged as the amTHI. The amTHI values were classified into six groups as <61, 61-65, 66-70, 71-75, 76-80 and >80 to assess the rates classified by the period from AI. Our classification of mTHI from 47.3 to 85.9 over the course of three years was based on the report of García-Ispierto et al. [17] , who classified the maximum THI at 5 THI intervals. In addition, the vaginal temperature of the cows seemed to be increased less than mTHI 70 in the present data, therefore, all amTHI were classified at 5 intervals in this study.
Maximum THI = 0.8*maximum T(C) + (minimum RH (%) / 100)*(maximum T(C) -14.4) + 46.4 T, ambient temperature; RH, relative humidity
Measurement of lactating dairy cow vaginal temperature
Eleven healthy multiparous nonpregnant Holstein-Friesian cows (BW: 613.5 ± 12 kg) in mid and later lactating periods (around 120 days each after parturition) were used to measure the vaginal temperature as the core body temperature during the hot (August to September 2008, n=6) and cool (January to February 2009, n=5) periods. The mean number of lactations and mean daily milk production were 2.5 ± 1.0 (mean ± SD) and 24.8 ± 4.5 kg/day (mean ± SD) in the hot period and 2.2 ± 1.1 and 28.9 ± 4.6 kg/day in the cool period, respectively.
The cows were milked 2 times a day and housed in free stall barns with automatically controlled fans along the feeding line. In addition, they had free to access to tap water and were fed a total mixed ration (TMR) in groups according to their requirements to maintain milk production.
In this study, the vaginal temperature measured consecutively for 25 days was adopted as the core body temperature based on the reports by Kendall et al. [23] and Collier et al. [9] . The vaginal temperatures of the cows were measured using a data logger thermo sensor (Thermochron SL, KN Laboratories, Osaka, Japan) attached to an intravaginal drug release device (PRID; Ceva Santé Animale, Libourne, France) at one-hour intervals. In parallel, the ambient temperature and relative humidity in each free stall barn were also recorded by using a data logger sensor (Hygrochron, KN Laboratories, Osaka) at one-hour intervals. With these ambient temperature and relative humidity values, maximum THI (mTHI) in each period was calculated and classified into 6 groups, as for amTHI mentioned above.
Statistical analysis
Comparison of the mean weather data, number of cows used for AI and vaginal temperature during the hot and cool periods was performed by the Student's t-test. Comparison of the circadian rhythm of the vaginal temperature during the hot and cool periods was performed by repeated measures ANOVA, while comparison of the conception rates was performed by the chi-square test. In addition, the correlation of the vaginal temperature distributions was analyzed by ANOVA, and comparison of the average vaginal temperature in each THI class was analyzed by Tukey's test. All analysis used the JMP statistical software (Version 8.01; SAS Institute, Cary, NC, USA), and a probability value of 0.05 or less was considered significant.
Results
Seasonal variation in the conception rate
The monthly maximum temperature and minimum relative humidity for three years were 22.4 ± 6.4 C (min and max: 12.2 and 32.1 C, respectively) and 25.8 ± 11.6% (min and max: 9.0 and 47.0%, respectively; mean ± SD), respectively. The monthly amTHI calculated for three years was 67.0 ± 7.8 (min and max: 55.8 and 79.9, respectively; mean ± SD).
When one year was divided into two periods of amTHI over or under 75, the hot (July to September) and cool periods (from October to June), the average ambient maximum temperature, average minimum relative humidity and amTHI were 30.7 C, 40.1% and 77.4 for the hot period and were significantly higher (P<0.01) than those for the cool period (19.7 C, 21.0% and 63.5, respectively). In addition, the conception rate during the hot period (29.5%) was also significantly lower (P<0.01) than that of the cool period (38.2%). The correlation coefficients between the conception rates and the average maximum temperature, average minimum relative humidity and amTHI for each month were -0.53, -0.40 and -0.55, respectively. The number of cows used for AI per month during the hot period (216.1 cows/month) was significantly lower (P<0.01) than that during the cool period (346.6 cows/month).
When the conception rates were classified by amTHI for each month, the conception rate of the class that experienced an amTHI greater than 70 was significantly lower (P<0.01) than those of the other (amTHI≤70) classes. As these conception rates were arranged in the three periods from the day of AI (days -2 to 0, 1 to 3, 4 to 6 from the day of AI), the conception rate of the 2-0 days before AI group (-2 to 0 group) that experienced an amTHI>80 (amTHI>80) was significantly lower (P<0.05) than the group that did not experience an amTHI>80 at days -2 to 6. Interestingly, if the groups experienced an am THI>80, no significant decreases were observed in the 1 to 3 and 4 to 6 days postinsemination groups (Table 1) . We selected the conception rates obtained from cows that did or did not experience mTHI>80 from 2 to 0 days before AI and arranged them in three periods (2, 1 and 0 day before AI) with each mTHI. The only the group exposed to an mTHI over 80 (mTHI>80) at 1 day before AI showed a significant decrease (P<0.05) compared with the other groups within the same day. No significant decreases in the rates were found in the mTHI of the 2 and 0 days before AI groups (Table 2) . On the other hand, when the conception rates of the groups exposed to amTHI>80 at 15-17, 19-22 and 30-35 days after AI were compared, only the rate of the 15-17 days group was significantly lower (P<0.05) than that of the group that did not experience an amTHI>80 (Table 3) .
Vaginal temperatures of lactating dairy cows
For the vaginal temperature assay, the ambient temperature, relative humidity and mTHI during the hot and cool periods were 24.8 C, 85.1% and 78.0 and 9.3 C, 71.3% and 56.6, respectively. Each parameter in the hot period was significantly higher (P<0.01) than that in the cool period. The average vaginal temperature during the hot period (39.1 C) was significantly higher (P<0.01) than that in the cool period (38.7 C).
The circadian rhythm of the vaginal temperature during the hot period varied in a range from 39.7 C (0000-0800 h) to 40.7 C (1600 h) and was significantly higher (P<0.01) compared with that of the cool period, which was stable at around 38.5 C throughout (Fig. 1) .
The relationship between the mean daily vaginal temperatures and mTHI is presented in Fig. 2 . There was a significant positive correlation (r= 0.30, P<0.01) between the mTHI and mean daily vaginal temperatures during the hot period (THI: 72.0-81.1), but not during the cool period (r= -0.08, THI: 48.0-68.8). The mean daily vaginal temperature of the cows increased when the mTHI exceeded the intersection point (= THI 69) of the regression line of the mean daily vaginal temperature distributions in the hot and cool periods. On the other hand, the correlation coefficients between the mean daily vaginal temperature and the average maximum temperature and the average minimum relative humidity during the hot period were 0.19 (P<0.05) and -0.006, respectively.
Discussion
In the present study, the conception rates of the cows seemed to be strongly dependent on the amTHI compared with the maximum temperature and minimum relative humidity on average, as the coefficients between the conception rates and average maximum temperature and average minimum relative humidity and amTHI every month were -0.53, -0.40 and -0.55, respectively. The most common index for heat stress is THI using the dry bulb temperature and wet bulb temperature [18] . Bohmanova et al. [19] reported that humidity was the limiting factor of heat stress in humid climates, whereas the dry bulb temperature was the limiting factor of heat stress in dry climates for milk production. The area we investigated is characterized as having high humidity and high temperatures; the annual average temperature in the area is around 18 C, and not only does the temperature rise to nearly 40 C, but the maximum humidity is over 80% during the summer season (Japan Meteorological Agency). From July to September (hot period), the average maximum ambient temperature, average minimum relative humidity and amTHI each month were 30.7 C, 40.1%, and 77.4. Therefore, the maximum THI we used may be an effective index for the conception rate of lactating dairy cows in southwestern Japan.
There was a significant positive correlation between the mTHI and the mean daily vaginal temperature during the hot period but not the cool period in the present study. Although the body temperature of a lactating dairy cows is maintained by a homeostatic control process [24] , the body temperature in summer is higher than that in winter [25] [26] [27] [28] . This may be caused by the increased metabolic energy needed for lactation during the hot period resulting in a reduction in body temperature regulatory ability [11, 18, 25] . Berman et al. [11] , who estimated that the upper critical ambient temperature of dairy cows to maintain their body temperature is 25 to 26 C, emphasized that although this temperature is not modified by milk production, an increased body temperature may inhibit a cow's reproductive performance. The present heat stress, which showed a maximum temperature over 30 C on average during the hot period, may modify the conception rate, but not milk production. Combining the data for the mTHI, conception rates and vaginal temperatures, when mTHI reached >80, the vaginal temperature increased 0.6 to 38.7 C, and the conception rate was calculated to decrease 11.6 to 40.5%. Ulberg and Burfening [29] observed a reduction in the pregnancy rate of approximately 25% for every 1 C elevation in rectal temperature, and these models were almost the same as those of the present study.
In this study, in the relationship between the amTHI for each period (-2 to 0, 1 to 3, and 4 to 6) from the onset of AI and the conception rates of the cows, the conception rate of the amTHI>80 from days 2 to 0 before AI group was significantly lower compared with the group that did not experience amTHI>80 at days -2 to 6. It was reported that although heat stress at the beginning of pregnancy inhibited embryonic development up to the blastocyst stage in vivo and in vitro, no inhibitory effect was observed in the development of embryos derived from later developmental stages [30, 31] . Therefore, in light of these reports, our results showing that the conception rates on days 1 to 6 after insemination were not reduced by any amTHI indicate that embryo transfer using embryos at the blastocyst stage may be one of the effective methods to maintain the conception rate during the summer season.
In addition, when the conception rates derived from 2, 1 and 0 days before AI treatment were compared, the mTHI>80 on days 2 and 0 groups showed a slight decrease in the conception rates, but no significant differences were observed among any of the mTHI classes. However, the group exposed to mTHI>80 on day 1 had significantly lower rates than those of the other mTHI classes. Thermal stress before insemination has been associated with reduced fertility [3, 32] . In addition, it has been reported that heat stress during the summer season reduced bovine sperm motility [33] . Heat stress during IVF also inhibited the subsequent development of bovine embryos [34, 35] . However, the groups exposed to any class of mTHI on day 0 before AI did not show reduced conception rates in this study. Also, heat stress within the physiologic range (41-42 C) did not influence bovine sperm functions such as fertilizability, DNA integrity or sperm head acrosome reactions in vitro [33] . Putney et al. [36] reported that when heat stress affected superovulated Holstein heifers for 10 h from the onset of estrus, embryonic development, but not fertilization, was inhibited (the number of degenerated or retarded embryos increased). Similarly, Al-Katanani et al. [3] reported that if dairy cows experienced heat stress before and after breeding, and on the day of breeding, the subsequent reproductive potential was easily compromised. Considering these reports, the reduction in conception rates in the 1 day before AI group may have been caused by the effect on the oocytes, not spermatozoa. Therefore, the present results indicated that a body temperature rise on day 1 before AI with an increase in mTHI may influence oocytes, directly resulting in reduced conception rates for lactating dairy cows. Oocytes remain susceptible to heat stress throughout the preovulatory period. Damage to the oocyte during the preovulatory period due to heat stress seems to involve the generation of reactive oxygen species [2] . As a result, the influence of heat stress on oocytes in vitro was mitigated in in vivo and in vitro assays by the addition of antioxidants [37, 38] . Moreover, it has been reported that heat stress during the summer season may change the follicular microenvironment of highly productive dairy cows at an earlier stage postpartum, compromising the oocyte's developmental competence and granulosa cell quality [25] . Therefore, it is postulated that the reduced conception rate during the summer season in this study may have been caused by an elevated body temperature during oocyte maturation via the mechanism mentioned above. Further study will be needed using in vivo-and in vitro-derived oocytes and focusing on the removal of reactive oxygen species from heat stressed oocytes with some reagents.
In the present study, when the conception rates of the groups exposed to amTHI>80 on 15-17, 19-22 and 30-35 days after AI were compared, only the rate of the 15-17 days group was significantly decreased compared with that of the group that did not experience an amTHI>80. It is thought that the maternal recognition, embryo attachment to the uterus and placentation may occur on around 14-17, 19-22 and 30-35 days, respectively, after insemination in the cow [39] [40] [41] . Therefore, the present results indicate that maternal recognition of the cow may be sensitive to heat stress. It is reported that a large embryo on day 14 to 18 after insemination produces adequate quantities of interferon tau that alters uterine prostaglandin secretion and signals maternal recognition of pregnancy [41] . Elevated temperature can reduce interferon tau production by bovine embryos and alter protein and prostaglandin production by bovine endometrial explants [42] . Taking the above into consideration, it is postulated that this decrease of secretion of embryonic interferon tau might have occurred at 15-17 days after AI and resulted in the decreased conception rate in the present study. In addition, cotransfer of trophoblastic vesicles with embryos is a well-known method used to promote pregnancy because of potentiation by trophoblastic cells of secretion of interferon tau [43] . Considering with these reports, further study will be needed focusing on the embryonic interferon tau of the cow under heat stress.
The circadian rhythm of the average vaginal temperature of six cows during the hot period ranged from 39.7 C at 0000 h to 0800 h to 40.7 C up to 1600 h. In contrast, those from 5 cows in the cool period were stable at around 38.5 C in this study. The trace of the temperature during the hot period was similar to the pattern of the cows during the summer season in southeast Queensland, Australia, reported by Sugiyama et al. [34] . Wolfenson et al. [44] reported that since the body temperature of cows was over 40 C from midday to night time during the summer, cooling treatment for lactating dairy cows at night may be beneficial, especially on nights with both a higher temperature and humidity. In addition, it has been reported that maintaining the body temperature at a lower level in the morning may be important to regulate body temperature when the ambient temperature increases sharply in the same day [45] . Therefore, cooling treatment may be effective for lactating dairy cows in the area we investigated to inhibit the increase in body temperature before a higher ambient temperature and humidity at night. Furthermore, Armstrong [46] reported that lactating dairy cows lost the ability to regulate body temperature when the THI exceeded 72. Kendall et al. [23] suggested that the THI threshold for lactating dairy cows indicating the first physiological response to heat stress was THI 67, which was lower than that (THI 72) of previous reports [46, 47] . In the present study, the lactating dairy cows already had an elevated vaginal temperature when the mTHI exceeded the intersection point (= mTHI 69) of the regression line of the vaginal temperature distributions in the hot and cool periods. Consequently, managing lactating dairy cows for heat stress beginning at mTHI 69 may be effective in the studied area.
On the other hand, the number of cows used for AI in the hot period was lower than that of the cool period in this study. When heat stress was introduced in previous studies, increased frequencies of anestrus and anovulation [48] and a reduced number of mountings compared with the winter season were observed [49] . In addition, Hansen and Aréchiga [50] indicated that the reduction in the duration and intensity of estrus under heat stress may induce estrus that is harder to detect. Thus, in the present study, these factors in the hot period may have reduced the potential success of AI compared with that in the cool period. If this is the case, loading of timed artificial insemination programs based on follicular recruitment to synchronize ovulation could be effective [21] . Further study will be needed to improve the number of AIs during the summer season.
It has been reported that heat-stressed dairy cows do not eat much dry matter [50] , which affects such things as plasma insulin, glucose and IGF-1, and this decrease in hormone concentrations due to a prolonged negative energy balance may compromise follicular development, resulting in a reduced estrus intensity and induction of poor quality oocytes [51] . However, the dry matter intake and mean daily milk production were not significantly dif-ferent between the hot and cool periods in this study. Thus, the reduction in the conception rate induced by a negative energy balance was negligible, and an increase in the core body temperature may have been one of the causes that compromised the conception rate of the lactating dairy cows.
In conclusion, it was clear that the conception rate of the lactating dairy cows decreased during the summer season in southwestern Japan. It is thought that an increase in the vaginal temperature along with an increase in the mTHI to over 80 on day 1 before AI may have caused the reduced conception rate, and the amTHI>80 during days 15-17 after AI may be a risk factor for early embryonic development. In addition, it was estimated that mTHI 69 was an appropriate index value for the start of heat stress management during the summer season, and this management may be needed for at least five months from June to October in southwestern Japan.
